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Expression of the human T-cell leukemia virus type I
(HTLV-I) Tax oncoprotein rapidly engenders DNA dam-
age as reflected in a significant increase of micronuclei
(MN) in cells. To understand better this phenomenon,
we have investigated the DNA content of MN induced by
Tax. Using an approach that we termed FISHI, fluores-
cent in situ hybridization and incorporation, we at-
tempted to characterize MN with centric or acentric
DNA fragments for the presence or absence of free 3*-OH
ends. Free 3*-OH ends were defined as those ends acces-
sible to in situ addition of digoxigenin-dUTP using ter-
minal deoxynucleotidyl transferase. MN were also as-
sessed for centromeric sequences using standard
fluorescent in situ hybridization (FISH). Combining
these results, we determined that Tax oncoprotein in-
creased the frequency of MN containing centric DNA
with free 3*-OH and decreased the frequency of MN con-
taining DNA fragments that had incorporation-inacces-
sible 3*-ends. Recently, it has been suggested that intra-
cellular DNA breaks without detectable 3*-OH ends are
stabilized by the protective addition of telomeric caps,
while breaks with freely detectable 3*-OH are uncapped
and are labile to degradation, incomplete replication,
and loss during cell division. Accordingly, based on in-
creased detection of free 3*-OH-containing DNA frag-
ments, we concluded that HTLV-I Tax interferes with
protective cellular mechanism(s) used normally for sta-
bilizing DNA breaks.

It remains incompletely understood as to what are the min-
imal requirements needed to transform a mammalian cell (1).
Despite this, it suffices to say that salient hallmarks of cancer
cells include genetic and phenotypic instability. Hence, not
surprisingly, it has been suggested that human tumors may
contain 100,000 or more mutations (2) with genomic instability
in cancers arising from two broad mechanisms: loss of mis-
match repair function and infidelity of chromosomal segrega-
tion (reviewed in Ref. 3). In view of the link between mutations
and cancers, it is attractive to consider that perhaps transform-
ing viruses exert pathology through increasing cellular
mutability.

Human T-cell leukemia virus type I (HTLV-I)1 and the leu-

kemia engendered by this virus, adult T-cell leukemia (ATL),
describe an important model system for studying human can-
cers. ATL cells are well known for heightened burden of dam-
aged DNA (reviewed in Ref. 4). Previously, we have implicated
the HTLV-I-encoded oncoprotein, Tax, in cellular DNA damage
by correlating increased formation of micronuclei (MN) in cells
(5, 6) with the synthesis of this viral protein.

MN are small nuclei-like bodies found outside the main
nucleus produced as consequences of chromosomal damage (7,
8). They exist at a low prevalence in cells ambiently and can be
induced ex vivo by genotoxic compounds with different mecha-
nisms of action. Aneuploidogenic agents produce MN with
whole chromosomes or centric chromosomal fragments, while
clastogenic compounds induce MN that contain acentric frag-
ments (8). MN induced by HTLV-I Tax was previously verified
by fluorescent stainings with human antikinetochore antibod-
ies (5) to contain both aneuploidogenic (i.e. kinetochore(1)) and
clastogenic (i.e. kinetochore(2)) changes (5). One interpretation
of these results is that this viral oncoprotein affects both the
mismatch repair (clastogenic) and the fidelity of chromosomal
segregation (aneuploidogenic) functions postulated to be defi-
cient in human cancers. Mechanistically, the aneuploidogenic
effect of Tax was recently proposed to stem from its abrogation
in cells of a human mitotic spindle assembly checkpoint (9).
As yet, the clastogenic effect of Tax remains molecularly
unexplained.

In yeast, several proteins, such as yKu (10) and SIR (11),
have recently been shown to associate with telomeric TG-rich
repeats. These proteins serve to protect the termini of eukary-
otic chromosomes from degradation and end-end fusion. Ku
and SIR proteins can be released from telomeres and be re-
cruited rapidly to new breaks in chromosomes, suggesting a
role for these proteins also in the stabilization and preservation
of DNA ends generated by unexpected (and perhaps exog-
enously induced) cleavages (11, 12). Indeed, yeast strains defi-
cient for yKu and SIR proteins are hypersensitive to clasto-
genic agents (11, 12). One corollary of these observations is that
termini of new breaks unprotected by telomeres with associ-
ated Ku, SIR, and/or other factors are labile. Such ends may not
be efficiently repaired and may progress to larger lesions ulti-
mately resulting in gross chromosomal aberrations which could
provide the initiating basis for transformation (3).

To explain its clastogenic effect, we asked here whether DNA
breaks found in the presence of Tax exist with unprotected (free
39-OH) or telomere-capped ends. Using in situ cytogenetic tech-
niques (FISH and FISHI) and probes specific for centromeres
or telomeres (13, 14), we have characterized the nature of
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damaged DNA in Tax-expressing cells. Our finding that Tax
disproportionately induces unprotected (free 39-OH) DNA ends
provides a molecular explanation for the clastogenic effect of
this oncoprotein.

MATERIALS AND METHODS

Cell Cultures—HeLa cells were cultured as monolayers in Dulbecco’s
minimal essential medium (Life Technologies, Inc.) supplemented with
10% fetal calf serum (Life Technologies, Inc.) and were maintained in a
humidified 5% CO2 atmosphere at 37 °C. Suspension T-cells were main-
tained in RPMI 1640 with 10% fetal calf serum.

Micronuclei Assay—For MN assay, suspensions of cells were pre-
pared by trypsinization of log-phase culture of a HeLa clone perma-
nently transfected with a cytomegalovirus-Tax-expressing plasmid.
Cells were divided into 40-mm dishes with each dish receiving 8 3 105

cells in 10 ml of medium. The cells were collected 48 h later by
trypsinization and were washed in phosphate-buffered saline and fixed
in Carnoy’s fixative (methanol/acetic acid 3:1, v/v) for 15 min. Inter-
phase preparations were obtained following the procedures described
previously (7, 8).

FISH to Detect Centromeres and Telomeres—Centromeric probe (59-
TTG AGG CCC TTC GTT GGA AAC GGG AAT ATC TTG AGG CCC
TTC GTT GGA AAC GGG AAT ATC; Ref. 13) was synthesized and
labeled with DIG-dUTP. Telomeric probe was either purchased com-
mercially (Oncor) or synthesized as six repetitive copies of the 59-
TTAGGG-39 hexamers in sense or antisense orientations. Two-color
FISH was applied to detect simultaneously centromeric and telomeric
DNA sequences in interphase preparations of HeLa cells. Cells cultured
on slides were fixed in 70% formamide in 23 SSC (203 SSC 5 0.3 M

trisodium citrate dihydrate and 3 M NaCl) at 70 °C for 2 min. The
samples were then chilled in 70% ethanol at 220 °C. After dehydration
and air drying, 30 ml of denaturated (heated at 70 °C for 5 min) hybrid-
ization mixture (50% formamide in 23 SSC) containing 2 ng/ml DIG-
labeled probe were layered onto each slide. Coverslips were applied and
sealed with rubber cement, and hybridization was carried out for 16 h
at 37 °C in a moist chamber. Afterward, the slides were washed in 50%
formamide in 23 SSC at 43 °C (15 min) and then in 23 SSC at 37 °C (8
min) followed by brief washing in TNT (0.1M Tris-HCl, 0.15 M NaCl, pH
7.5, 0.05% Tween 20) and treatment with 100 ml of TNB (0.1 M Tris-HCl,
0.15 M NaCl, pH 7.5, 0.5% blocking reagent; Roche Molecular Biochemi-
cals, Milan, Italy) for 30 min at 37 °C to prevent nonspecific antibody
binding. After coverslip removal, DIG-labeled sequences were detected
using a fluorescence-based amplification of signal. This was achieved by
incubation with mouse monoclonal anti-DIG antibody (0.5 mg/ml), DIG-
conjugated sheep anti-mouse antibody (Roche Molecular Biochemicals,
2 mg/ml) and FITC-conjugated sheep anti-DIG antibody (Roche Molec-
ular Biochemicals, 2 mg/ml). Final 3 3 5-min washes with TNT were
followed by dehydration of the slides with ethanol. Slides were coun-
terstained with 0.5 mg/ml propidium iodide in an antifade solution and
visualized using wavelength-specific filters (Zeiss, filter set 25). DIG-
labeled centromeric DNA sequences (15 ng) and biotinylated telomeric
DNA probe (15 ng) were simultaneously hybridized to interphase spreads.
The DIG-labeled centromeric probe was detected with TRITC (red) fol-
lowing the amplification procedure described above. The biotinylated te-
lomeric probe was labeled with FITC (green) by incubation with FITC-
conjugated avidin (Sigma, Milan, Italy) and up to three rounds of
amplification by biotinylated anti-avidin (Oncor). Nuclei and micronuclei
were counterstained using DAPI (blue) in an antifade solution and viewed
through specific filter (Zeiss, filter set 25). The three fluorescent dyes
(FITC, TRITC, and DAPI) could be simultaneously viewed and photo-
graphed through a triple bandpass filter (Zeiss, filter set 25). Photographs
of nuclei and micronuclei were taken on Kodak P 1600 color slide film
(5–10-s exposure) on a Zeiss Axiosce microscope using a 100 3 1.3 n.a.
objective. For each hybridization, more than 3000 samplings were scored.

FISHI—FISHI detects simultaneously a DNA probe (visualized by
standard FISH) and the presence of free 39-OH DNA ends (visualized by
in situ incorporation of DIG-dUTP). We used a biotinylated centromeric
DNA probe, an oligomeric DNA probe labeled with biotin, and terminal
deoxynucleotidyltransferase enzyme. For some experiments, the 39-end
of the probe was blocked with cordycepin (39-deoxyadenosine). FISHI
was performed as described above for FISH up to the post-hybridization
wash steps. At that point, the slides were washed in PBD (phosphate-
buffered detergent, Oncor) and were then treated for in situ incorpora-
tion using terminal deoxynucleotidyltransferase enzyme (TdT). As sub-
strates for TdT, DIG-11-dUTP, and DIG-dATP were used. This
incorporation reaction contained the following: 10 ml of a buffer with 1
M potassium cacodylate (Roche Molecular Biochemicals), 125 mM Tris-

HCl, pH 6.6 (4 °C), 1.25 mg/ml bovine serum albumin, 10 mM CoCl2; 0.2
ml of a solution (Roche Molecular Biochemicals) containing TdT (25
units/ml), 1 mM EDTA, 4 mM 2-mercaptoethanol, 50% glycerol (v/v), pH
6.6 (4 °C); 1 ml of DIG-11-dUTP (1 mM) mixture (Roche Molecular
Biochemicals) and 38 ml of distilled water to a final volume of 50 ml.
Cells were incubated in this reaction buffer at 37 °C for 1 h in a
Hepes-buffered saline moist environment. Then the slides were treated
with Hepes-buffered saline containing 0.1% Triton X-100, and 0.5%
bovine serum albumin visualization of DIG-dUTP was obtained by
incubation (30 min at room temperature) with anti-DIG antibody (1:50)
labeled with FITC (Roche Molecular Biochemicals). Finally 3 3 5-min
washes with 0.1% Triton and 0.5% bovine serum albumin in Hepes-
buffered saline were performed. Visualization of biotinylated centro-
meric DNA probe was obtained by incubation with Texas Red-conju-
gated avidin (Sigma) followed by three rounds of amplification using
biotinylated anti-avidin (Oncor). Slides were counterstained with DAPI
in an antifade solution and photographed through specific filters. For
each data point, over 3000 samplings were counted; all points were
replicated in at least two independent experiments. Statistical analyses
on the frequencies of cytogenetic effects between control, and cells
expressing Tax were quantitated using the G test (15).

RESULTS AND DISCUSSION

Characterization of Centromere- and Telomere-specific
Probes—To characterize the nature of DNA damage induced by
Tax (i.e. centric, acentric, telomeric, nontelomeric fragments),
we first assessed probes to be used in FISH. Fig. 1 (top) shows
HeLa cells in metaphase stained with propidium iodide (left)
followed by FISH with a centromere-specific oligonucleotide
(right). The DNA probe contained alphoid sequences, which
specifically recognize the centromeres of human and mouse
chromosomes (13). Hybridization by probe was expected to
produce a signal for every chromosome, and indeed the visual-
ized signals were located at precise positions expected for cen-
tromeres (Fig. 1, top right). Next, we verified our telomere
probe. Consistent with that previously reported (14), the te-
lomere probe provided two clearly unambiguous telomeric sig-
nals for virtually all chromosomes (98% of expected telomeres
were identified; Fig. 1, bottom right).

FISHI of Cells—FISH can reveal whether damaged DNA
contains/lacks centromeres and/or telomeres. In addition to

FIG. 1. In situ characterization of centromeric and telomeric
probes. Top, metaphase chromosomes of HeLa cells after FISH with a
centromeric DNA probe (aCEN-B) labeled with DIG-dUTP were coun-
terstained with propidium iodide (0.3 mg/ml); left, visualization of pro-
pidium iodide; right, fluorescent visualization of centromeric probe
(yellow). Bottom, metaphase HeLa cells stained with propidium iodide
and processed for FISH with a telomeric DNA probe; left, visualization
of propidium iodide; right, fluorescent visualization of telomeric signals
(dots at the ends of chromosomes).
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this information, we wanted to understand more about the
state of DNA breaks in Tax-associated MN. Recent findings in
eukaryotic systems (11, 12, 16–19) suggest that a normal re-
sponse by cells to de novo DNA strand breakages is to stabilize
breaks by the addition of a telomeric cap, which contains both
telomere repeats and telomere-associated proteins. Telomeric
capping could be envisioned as a first step in the repair process,
protecting new breaks from further instabilities and progressive
enlargements. Based on previous knowledge of clastogenic dam-
age produced by Tax (5, 6), we surmised that this oncoprotein
could subvert the protective telomeric capping mechanism.

To address the above hypothesis, we asked whether it could
be determined if DNA breaks are/are not capped. We reasoned
that capped ends might be relatively refractory to incorpora-
tion of DIG-dUTP by TdT, while noncapped ends would be more
accessible. If one could couple incorporation of DIG-dUTP with
standard FISH analysis (i.e. FISHI), potentially one could de-
fine whether DNA fragments are centric, acentric, telomere-
containing, or telomere-free, as well as whether the broken
ends might be capped or uncapped. Currently, to our knowledge,
simultaneous visualization of FISH with TdT end incorporation
(i.e. FISHI) has not been done. To establish conditions for FISHI,
a biotin-dUTP-labeled probe for detecting acrocentric chromo-
somes was hybridized to metaphase HeLa nucleus (Fig. 2B). The
same nucleus was then subjected to DIG-dUTP incorporation
using TdT (Fig. 2C) to label free 39-OH associated with the ends
of the hybridized probes (see schematic, Fig. 2, top). A merged
visualization of probe-specific signal with DIG-specific signal
showed tight co-localization (Fig. 2D), verifying that FISHI tech-
nique (TdT incorporation performed simultaneously with FISH)
could indeed specifically identify free 39-OH DNA ends.

More than the ability to detect 39-OH ends associated with
probes used for FISH, our goal was to visualize intrachromo-
somal breaks with accessible 39-OH. To distinguish probe-as-
sociated from intrachromosomal TdT signals, we next “sealed”
each hybridizing oligonucleotide with one molecule of cordyce-
pin (39-deoxyadenosine) at its 39-end. The presence of an H
instead of an OH group in cordycepin effectively eliminates in-
corporation at the 39-ends of probes. Hence, TdT-mediated incor-
poration of DIG-dUTP, if any, would occur elsewhere, presump-
tively at damaged cellular DNA with free 39-OH (Fig. 3, top
schematic). Accordingly, we performed FISHI using cordycepin-
sealed biotin-labeled centromeric DNA probe on interphase HeLa
nuclei (Fig. 3). Here, incorporated DIG-dUTP appeared as green
spots, while centromeric probe signal was yellow. Consistent
with the inability of cordycepin probes to incorporate DIG-dUTP,
the green and yellow signals did not overlap (Fig. 3B). These
results established an ability to characterize intracellular DNA
by FISH and TdT end incorporation (FISHI) simultaneously.

We next ascertained that our TdT-mediated DIG-dUTP in-
corporation assay could quantitatively reflect intracellular
DNA breaks. Treatment of cells with clastogenic agents should
produce strand breakages, which should correlate with in-
creased signals from TdT incorporation. We incubated HeLa
cells with mitomycin C, an inter-/intrastrand cross-linking
agent known to cause DNA breaks (20). Compared with mock-
treated cells (Fig. 4A), treatment with 0.1 mM mitomycin C for
24 h led to a 10–20-fold increase in TdT-mediated signals (Fig.
4B), providing a correlation between expected increase in
strand breakages with heightened DIG-dUTP incorporation.

Characterization of DNA Damage in Tax-expressing Epithe-
lial and Lymphoid Cells—The above conditions established for
FISH and FISHI afforded us techniques to analyze better Tax-
induced DNA damage. Previously, we had used transiently
transfected cells to study DNA damage (5, 6). However, in such
approach, efficiency of transfection could not be higher than

10–20% of all cells (5, 6). To more reproducibly assess effects,
we created a HeLa-Tax cell line, using neomycin resistance co-
selection, which constitutively expresses an integrated cytomeg-
alovirus-Tax gene (data not shown). Consistent with our previous
findings (5), the selected HeLa-Tax cells had a 6–10% increased
prevalence of MN over parental HeLa cells (data not shown).

MN from HeLa-Tax and ambient MN from HeLa cells were
assessed for the nature of their DNA content. By definition MN
contain damaged DNA. We surveyed MN for the presence of
centromeric (Cen), telomeric (Te), and TdT-accessible incorpo-
ration (TI) of DIG-dUTP. Fig. 5A shows that approximately
25% of Tax-induced MN contained centromeric and telomeric
signals (Cen(1)Te(1)), indicating with high probability the
presence in MN of an intact whole chromosome (group 1). This
fraction was not significantly different from that observed for
control cells (C, Fig. 5A). Additionally, in Tax-expressing cells,
the fraction of MN without centromeric and telomeric
(Cen(2)Te(2); Fig. 5A, group 4) signals, which likely repre-
sents acentric interstitial fragments, was also insignificantly
different from that for control cells. Based on these results, we
concluded that neither MN containing complete chromosomes
(e.g. Cen(1)Te(1)) nor MN with acentric interstitial fragments
(Cen(2)Te(2)) are Tax-specific consequences in HeLa cells. On

FIG. 2. Verification of FISHI technique. A biotin dUTP-labeled
probe to detect acrocentric chromosomes coupled with DIG-dUTP in-
corporation using terminal transferase to detect 39-OH DNA free ends
was used on metaphase HeLa cells. Top, schematic representation of
the detection procedure. Fluorescent labeled probe is expected to hy-
bridize in a sequence-specific manner to chromosomes. The free 39-OH
end of the probe can then be additionally detected by terminal trans-
ferase-mediated incorporation of DIG-dUTP. Presence of the DIG moi-
ety can be visualized independently. A, staining of the metaphase cell
by DAPI. B, the same cell after sequence-specific hybridization of probe
and visualization of the probe by avidin Texas Red conjugate (red
fluorescence). C, in situ terminal transferase-mediated incorporation of
DIG-dUTP and visualization by anti-DIG antibody labeled with FITC
(green fluorescence). D, merged image using a specific filter of the
signals from B and C. Since the acrocentric centromeric probe has a free
39-OH end, one can observe an overlap between the signal from the
biotin-labeled probe (B) and the signal from the in situ incorporated
DIG-dUTP (C). White arrowheads serve as reference points.
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the other hand, Tax-expressing cells, compared with controls,
had significantly higher frequency of Cen(1)Te(2) MN (Fig.
5A, group 2). Hence, under these experimental conditions, the
aneuploidogenic effects of Tax (9) are largely restricted to cen-
tric fragments of chromosomes and not to intact chromosomes,
since the fraction of Cen(1)Te(1) MN was not substantially

different in Tax-expressing versus control cells (Fig. 5A, group
1). Last, the type of DNA damage described by telomere-only
MN (Cen(2)Te(1); Fig. 5A, group 3) was significantly less
frequent in Tax-expressing cells. These MN can contain either
the natural end(s) of a chromosome or an interstitial fragment
which has been “repaired” by telomeric capping. The latter
would be consistent with the model that eukaryotic chromo-
somal breaks are “healed” by the addition of telomeric repeats
(11, 12, 16–19) with “telomerized” ends being more stable than
counterpart unprotected ends. This reduced frequency of
telomere-alone signals suggests a Tax oncoprotein-mediated
repression of the telomeric capping function.

The reduced frequency of MN with telomere-alone signal and
the increased frequency of MN with centromere-alone signal
(Fig. 5A) could potentially be explained mechanistically
through the de novo generation of interstitial fragments that
are not repaired by telomeric capping. To address this possibil-
ity in greater detail, we next queried for the status of TdT
incorporation (TI) in Tax and control MN (Fig. 5B). Because TI
of DIG-dUTP requires accessible 39-OH DNA ends, MN nega-
tive for TI have chromosomal DNA with inaccessible 39-OH
ends. One cause of inaccessibility would be if the ends were
capped by telomeric repeats with associated proteins (11, 12,
16–19). We, thus, interrogated Tax-expressing cells for fre-
quency of MN, which were either positive (TI1; Fig. 5B, groups
1 and 3) or negative (TI2; Fig. 5B, groups 2 and 4) for incor-
poration of DIG-dUTP. The frequency of TI(2) MN in HeLa-
Tax cells was indeed found to be significantly lower than that
observed for control cells. Hence, one interpretation is that
DNA breaks in control, but not Tax, cells are stabilized by
telomeric capping. Consistent with this interpretation, a sig-
nificant difference between control and Tax cells for
Cen(1)TI(2) MN (Fig. 5B, group 2) was also observed.

FIG. 4. DIG-dUTP incorporation is increased after treatment
of cells with DNA-damaging agent mitomycin C (MMC). A, ambi-
ent (2MMC) DIG-dUTP incorporation in HeLa cells. B, DIG-dUTP
incorporation after treatment with 0.1 mM mitomycin C (1MMC) for
24 h. Arrowheads point to examples of incorporated DIG-dUTP.

FIG. 3. FISHI technique using a centromeric biotin-labeled DNA probe on nuclei of interphase HeLa cells. The probe was constructed
to have one molecule of cordycepin (39-deoxyadenosine) at its 39-end. An H instead of an OH group in cordycepin at the 39-end of the probe effectively
prevents further incorporation to this end and ensures that terminal transferase-mediated incorporation of DIG-dUTP takes place elsewhere,
presumably at damaged cellular DNA ends with free 39-OH. Top, diagrammatic representation of the incorporation schema. A, DAPI-stained
nuclei. B, visualization of the same nuclei after probe hybridization and terminal transferase-mediated incorporation of DIG-dUTP. DIG signal is
green, and centromeric probe signal is yellow. Consistent with the inability of cordycepin-capped probes to incorporate DIG-dUTP, the green and
yellow signals do not overlap. Open and filled arrowheads point to yellow and green spots, respectively.
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To check that findings in epithelial cells also generally hold
for T-lymphocytes (the relevant cell types for HTLV-I), we
compared DNA damage (Fig. 5C) in Jurkat (a transformed
T-cell line unrelated to HTLV-I) and HTLV-I-transformed
C8166-45 cells, which express abundant amounts of Tax pro-
tein (21). In TI readouts, Tax-expressing T-cells (C8166-45)
compared with Jurkat cells showed statistically significant in-
creased frequency of TI(1) MN (Fig. 5C, group 3) and decreased
frequency of Cen(2)TI(2) MN (Fig. 5C, group 4). Thus, as in
HeLa cells (Fig. 5, A and B), Tax expression in T-cells increases
substantially TdT-mediated DIG-dUTP incorporation, support-
ing a general property of this oncoprotein in abrogating intra-
cellular telomeric capping at DNA breaks.

Here, we describe a FISHI technique to study the nature of
DNA damage induced by a retroviral oncoprotein, Tax. In cells,
based on the presence/absence of in situ incorporation at the
39-ends of DNA fragments and on the simultaneous hybridiza-
tion of centromeric/telomeric probe, we could define several
classes of DNA damage, including whole chromosomes
(Cen(1)Te(1)TI(2)), centric fragment (Cen(1)TI(1)), and

acentric fragment (Cen(2)). A salient observation from our
work is that in situ incorporation of DIG-dUTP correlated
negatively with in situ hybridization by telomere-specific
probe. Thus, relative ability to generate a TI signal is indicative
of a telomere-free DNA break, while telomeric capping (as
indicated by positive hybridization to telomere-specific probe),
which is thought to stabilize breaks, adversely affects TI.

Relevant to cancer biology, our findings here help to extend
generally the idea that retroviral oncogenes, like mutagens,
may work commonly through heightened genomic mutability to
effect transformation. Specifically, regarding HTLV-I and Tax,
the current results help to explain the clastogenic changes in
ATL cells not resolved by a previous study (9). Thus, FISH and
FISHI findings mutually confirm and reveal that in Tax-
expressing cells there is a significant decrease in the frequency
of centric fragments with accessible 39-OH DNA ends (FISHI;
Fig. 5B, group 2) and a significant increase in centric fragments
without telomeric signals (FISH; Fig. 5A, group 2). There was
also a significant decrease in frequency of acentric fragments
with telomeres (FISH; Fig. 5A, group 3) and acentric DNA with-
out DIG-dUTP incorporation (FISHI; Fig. 5B, group 4). Collec-
tively, these findings indicate that the increased prevalence of
DNA strand breaks seen in ATL and in Tax-expressing cells is
less likely explained by oncogene-induced increased incidence in
strand breakages as by oncogene-mediated suppression of a DNA
end-stabilizing mechanism (i.e. telomeric capping). This study
provides the first detailed characterization of DNA breaks in-
duced by a viral oncoportein. Our conclusions add to the growing
body of evidence of an operationally defined mutator phenotype
for Tax-expressing cells (22–25). Future investigations will help
to shed further light on the ensemble of cellular factors impinged
upon by Tax in generating this phenotype.
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FIG. 5. Quantitation of Tax-induced DNA damage in micronu-
clei from epithelial and lymphoid cells. A, characterization of mi-
cronuclei in HeLa control (C) or HeLa-Tax-expressing (Tax) cells for the
presence (1) or absence (2) of centromeres (Cen) and/or telomeres (Te).
Centromere-specific and telomere-specific oligomeric probes were used
by FISH to assess simultaneously the presence of centromeres and
telomeres. Statistical significance (G test, Ref. 15): **, p , 0.001. B,
frequency of micronuclei in HeLa and HeLa-Tax-expressing cells that
incorporate DIG-dUTP in situ (TI). Statistical significance (G test, Ref.
15): **, p , 0.01. C, characterization of DNA by FISHI in Jurkat T-cell
line and HTLV-I-transformed Tax-expressing T-cell, C8166-45, for the
presence (1) or absence (2) of centromeres (Cen) and/or in situ incor-
poration of DIG-dUTP (TI). Statistical significance (G test, Ref. 15): **,
p , 0.01.
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